Fe 4 S 4 clusters are very common versatile prosthetic groups in proteins. Their redox property of being sensitive to O 2 -induced oxidative damage is, for instance, used by the cell to sense oxygen levels and switch between aerobic and anaerobic metabolisms, as exemplified by the fumarate, nitrate reduction regulator (FNR). Using the hydrogenase maturase HydE from Thermotoga maritima as a template, we obtained several unusual forms of FeS clusters, some of which are associated with important structural changes. These structures represent intermediate states relevant to both FeS cluster assembly and degradation. We observe one Fe 2 S 2 cluster bound by two cysteine persulfide residues. This observation lends structural support to a very recent Raman study, which reported that Fe 4 S 4 -to-Fe 2 S 2 cluster conversion upon oxygen exposure in FNR resulted in concomitant production of cysteine persulfide as cluster ligands. Similar persulfide ligands have been observed in vitro for several other Fe 4 S 4 cluster-containing proteins. We have also monitored FeS cluster conversion directly in our protein crystals. Our structures indicate that the Fe 4 S 4 -to-Fe 2 S 2 change requires large structural modifications, which are most likely responsible for the dimer-monomer transition in FNR.
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FeFe-hydrogenase | X-ray crystallography I ron-sulfur (FeS) clusters are among the most ubiquitous and functionally versatile prosthetic groups in nature. They can be involved in electron transfer, substrate binding and activation, be used as stress sensors to regulate gene expression or simply play a structural role (1) . FeS clusters have variable compositions such as the common Fe 2 S 2 , Fe 3 S 4 , and Fe 4 S 4 centers or the more unusual FeMo-cofactor Fe 7 S 9 Mo cluster of nitrogenase (2) . When Fe 4 S 4 clusters are redox active, they are also usually sensitive to oxidation and can be damaged (or disassembled) by oxygen. Escherichia coli uses this property to switch between aerobic and anaerobic metabolisms (3, 4) . Indeed, at under about 0.5% oxygen concentration, the fumarate nitrate reduction regulator (FNR) can accommodate an Fe 4 S 4 cluster and is a dimer that can bind specific palindromic DNA sequences to either repress or activate the expression of hundreds of genes (5). When exposed to higher oxygen levels, the Fe 4 S 4 cluster is rapidly converted into an Fe 2 S 2 cluster, causing FNR to dissociate into monomers that do not bind DNA. Finally, the Fe 2 S 2 cluster slowly decomposes into two Fe 3+ and two S 2− ions, leading to the apo protein form of FNR (6) . Thus, the cell response to oxygen and its ensuing commitment to aerobic metabolism are modulated by structural changes associated with the rapid conversion of the Fe 4 S 4 cluster into an Fe 2 S 2 cluster in FNR. The tridimensional structure of an FNR has not yet been determined. A very recent study combining Raman and UV-visible absorption/circular dichroism (CD) spectroscopies and mass spectrometry (7) , and two S 2− ions as was previously reported (8) . Instead, that study argues that cluster conversion leads to an Fe 2 S 2 cluster with retention of two sulfides as cysteine persulfide ligands according to the following reactions (7):
O 2 -induced Fe 4 S 4 cluster degradation leading to Fe 2 S 2 cluster with cysteine persulfide ligands does not seem to be restricted to FNR and is likely to be a general process, as it is also reported for other Fe 4 S 4 cluster-containing proteins such as biotin synthase and aconitase (7, 9) . Spectroscopic inference of species containing Fe 2 S 2 cluster forms with only one or two cysteine persulfide ligands suggests successive oxidations but the mechanism involved is not fully understood. Here, we have used X-ray structures of HydE from Thermotoga maritima (Tm) as templates to shed light on the process of O 2 -induced Fe 4 S 4 cluster disassembly in proteins. Our structural results provide direct evidence that the O 2 -induced oxidation of an Fe 4 S 4 cluster can proceed via cysteine persulfide production and thus establishes a sulfur-centered mechanism for cluster degradation as a plausible biological process. TmHydE is one of the three essential FeFe-hydrogenase active site maturases (10, 11) which belongs to the radical S-adenosyl-L-methionine (SAM) protein superfamily (12, 13) . Besides the conserved Fe 4 S 4 cluster of radical SAM proteins, TmHydE has an additional, more exposed cluster-binding site defined by semiconserved Cys311, Cys319, and Cys322, in a Cx 7 Cx 2 C motif. Cys311 is located in a loop connecting β-strand 8 to α-helix 8 of the (βα) 8 triose phosphate isomerase barrel of the enzyme, and Cys319 and Cys322 are located on the same side of α-helix 8 (11) (Fig. 1) . HydEs are divided into two groups depending on whether the Cys ligands of the additional FeS cluster are present, but it is known that this cluster is not important for function (11) . In the first TmHydE X-ray structure we solved, the additional cluster, located at the protein surface, was an Fe 2 S 2 rhomb (11). Conversely, solution studies showed that after in vitro reconstitution TmHydE binds an Fe 4 S 4 cluster at the additional site (14) . Here, we report eight different structures of TmHydE that contain dissimilar species at their additional cluster site. These species are in agreement with several intermediate states, either postulated or previously described, in the Fe 4 S 4 cluster degradation This article is a PNAS Direct Submission. pathway occurring, for instance, in FNR. These observed intermediate states in our structures suggest a mechanism for Fe 4 S 4 cluster degradation upon low-level oxygen exposure not restricted to FNR, but more general than previously thought.
Results
As mentioned above, in vitro anaerobically reconstituted TmHydE has been reported to contain an Fe 4 S 4 center at its additional cluster-binding site in solution (14) . However, when crystallized without DTT, the additional site coordinates an Fe 2 S 2 cluster bound by the semiconserved Arg279, Cys311, and persulfided forms of Cys319 and Cys322 (species 3 in Fig. 2 and Fig. S1 ). The Nη2 atom of Arg279 interacts directly with one of the iron ions (d = 2.3 Å), whereas Nη1 makes a hydrogen bond with one of the sulfide ions (d = 3.2 Å). Freshly reconstituted samples normally produce crystals of this form after 1 wk in the glove box. Persulfide formation must result from either traces of O 2 present in the glove box or transient exposure to air during the transfer of the frozen protein sample to it, because when intentionally oxygenated buffers are used these crystals appear more rapidly. Although in these experiments it is not possible to quantify the amount of O 2 that reached our crystals, it must be extremely low as indicated by the high stability of the SAM-dependent Fe 4 S 4 cluster under the same conditions. Indeed, when SAM is substituted by 5′-deoxyadenosine, this cluster is slowly converted to an Fe 3 S 4 center in weeks without any further decay (Fig. S2 ). In the meantime, the additional cluster is rapidly converted into species 3. The latter is very stable and only decays after several months, leading to 7 (Fig. 2 ). When crystals containing 3 are treated with DTT before flash cooling, a different Fe 2 S 2 cluster, coordinated by Cys311 Cys319, and Cys322, is observed (4 in Fig. 2 ). There are no major structural changes at the protein level between 3 and 4 and the DTT treatment only causes the cluster to slightly move as a rigid body in its binding site. Conversely, the electron density indicates that the Fe fourth ligand may be OH − , as Arg279 is clearly too far to be a ligand. We cannot exclude a mixture of OH − and SH − at that position because our structures unambiguously show that sulfide ions are released from the cysteine persulfide ligands upon DTT treatment. X-ray structures indicate that this cluster form decays within weeks in the glove box. This process, which starts with the loss of one iron atom, is followed by the dissociation of the sulfide ions and finally results in the vacant-site species 1 (Fig. 2) . Species 5 represents an intermediate form in the degradation of 4 ( Fig. 2 and Fig. S1 ). X-ray structures from crystals flash-cooled at different times after DTT addition show that the slow disassembly of the additional cluster starts with the most solvent-exposed iron ion followed by the sulfide ions and, finally, by the second iron ion (5 to 1 in Fig. 2) . The slow decomposition of the Fe 2 S 2 form is likely to be a nonredox process and may result from slow ligand exchange with solvent.
When crystals containing 7 are treated with ferrous ions and sulfide, no iron bound to the protein is observed but Cys311 and Cys22 of the additional cluster site are modified as persulfides and Cys319 as polysulfide (8 in Fig. 2 and Fig. S1 ). Treating similar crystals with ferrous ions, sulfide, and DTT leads to another unusual species (6 in Fig. 2 and Fig. S1 ) that can be described as an Fe 2 S 2 cluster onto which an Fe-S unit is attached. This cluster resembles a standard Fe 3 S 4 center except that Cys311 bridges two iron ions. Modeling indicates that the structural changes required to allow Cys311 to become a classic terminal Fe 4 S 4 cluster ligand are prevented by crystal packing contacts (not shown). This problem was circumvented by the growth of a different crystal form of anaerobically purified TmHydE, treated with DTT, sulfide, and ferrous or ferric ions (Materials and Methods, Table S1 ). This form that was obtained by increasing the NaCl concentration in the crystallization solution contains a regular additional Fe 4 S 4 cluster, as previously described in solution (14) , with Tyr306 as its fourth ligand (2 in Fig. 2 and Fig. S1 ). Fig. 3 shows that shifts of over 6.0 Å for the Cα of Cys311 and 12.4 Å for the Cα of Tyr-306 are involved in the transition between the Fe 2 S 2 -containing and the Fe 4 S 4 -containing forms. This change requires a complete rearrangement of the loop that connects strand β8 to helix α8 and contains Cys311 (Fig. 3) . Thus, the Fe 4 S 4 -to-Fe 2 S 2 cluster conversion (2 to 3) is a conformationally drastic one. In the reverse direction, addition of DTT and Fe 2+ (but not of S 2-) converts 3 into 6 ( Fig. 2 and Fig. S1 ). The peculiar Fe 3 S 3 cluster in 6 probably results from the aborted assembly of an Fe 4 S 4 cluster hindered, as mentioned above, by crystal packing interactions. A major conclusion from this observation is that there is no need to add sulfide ions to obtain the observed Fe 3 S 3 cluster because they are already present as part of persulfide ligands in 3.
Discussion
Many of our X-ray crystal structures are in full agreement with the very recent Raman resonance (RR) spectroscopic study of Zhang et al. and consequently may be relevant to FeS cluster interconversion in FNR (7) . As opposed to the additional cluster, the SAM-related Fe 4 S 4 cluster of TmHydE was stable for a long time inside the glove box. This is most likely explained by the protection afforded to the latter by the Cx 3 Cx 2 C motif-containing loop. Conversely, the additional cluster is fully exposed to solvent and hence to traces of O 2 either in the glove box or during sample transfer to it. This unanticipated situation is actually advantageous because it mimics what should happen for example to E. coli in the rectal segment of the intestinal tract when oxygen levels begin to rise and FNR is inactivated, switching off anaerobic metabolism. The very slow reaction of the additional FeS cluster with traces of O 2 allowed us to trap intermediate species in our protein template that would have been difficult to obtain otherwise. Thus, the Fe 2 S 2 cluster with two cysteine persulfide ligands proposed from RR spectroscopic data in FNR is equivalent to 3 ( Fig. 2 and Fig. S1 ). In addition, when treated with ferrous ions and DTT, this FNR Fe 2 S 2 species is readily converted to a regular Fe 4 S 4 cluster (7), in a process similar to the 3 to 6 transition in radical species (15) . Conversely, species 3 with cysteine persulfide ligands demonstrates that subsequent oxidative damage proceeds preferentially via sulfur rather than iron oxidation. Furthermore, the intermediate species with only one persulfide ligand observed in FNR indicates that successive oxidation steps are possible (7) . At variance with what is proposed by Zhang et al. for FNR (reaction 2), instead of the addition of a new oxygen molecule, we advance that the next step corresponds to the reaction of the superoxide anion resulting from reaction 1 with one of the cysteine ligands forming a cysteine persulfenate. Such species that would be transient in our case has been observed in the crystal structure of cysteine dioxygenase (16) . The expected conversion of the cysteine persulfenate to sulfinate does not occur, maybe due to the sulfide-rich environment of the adjacent iron ion. Instead, this species is converted to cysteine persulfide with production of one hydrogen peroxide molecule and release of a second ferrous ion, as previously observed in FNR (17, 18) . Reaction of a superoxide ion, instead of molecular oxygen, with the Fe 3 S 4 ⌉ + intermediate would be consistent with the observation that in FNR only 0.37 superoxide ions per damaged Fe 4 S 4 cluster were detected from reaction 1 (15). Substantial amounts of hydrogen peroxide were also produced (15), which could subsequently oxidize a second cysteine ligand to cysteine sulfenate. Reaction of this species with the last available hydrogen sulfide ion would generate a second persulfide, thus leading to a form equivalent to 3. Such mechanism would explain why only substoichiometric amounts of H 2 O 2 are produced by FNR and is consistent with the recent proposition that some FNR molecules have only one cysteine persulfide ligand (7, 15, 17) . Furthermore, our mechanism is supported by the observation that both O 2 and H 2 O 2 can provoke an Fe 4 S 4 -to-Fe 2 S 2 cluster transition in FNR. However, the resulting Fe 2 S 2 cluster has a different circular dichroism spectrum depending on the oxidant used (17) . This difference is probably due to the expected number of cysteine persulfide ligands produced: two when using O 2 and one when using H 2 O 2 . The observation that in FNR one ferric iron is Fig. 2 . Postulated degradation and assembly of an FeS cluster based on our crystal structures. Unless specified, all reactions were performed in our crystals. W in species 1 and 7 indicates solvent molecules. X-ray structures of TmHydE containing species 1 to 8 were determined at 1.35, 2.9, 1.45, 1.6, 1.71, 1.7, 1.45, and 1.25 Å resolution, respectively (Table S2) .
released during the Fe 3 S 4 + to Fe 2 S 2 2+ cluster conversion may be explained by the oxygen-independent reaction 3 (8):
This nonredox reaction may compete with sulfide oxidation and could be favored in vitro by the presence of strong ferrous or ferric ion chelators (8), suggesting an alternative nonbiological pathway for oxygen-induced FeS cluster degradation.
Addition of a reductant and extra ferrous ions converts species 3 back to 2 (or 6 in our crystals). Both our structural results and those reported by Zhang et al. (7) using RR spectroscopy raise the possibility of a persulfide-mediated Fe 4 S 4 cluster reparation mechanism that, avoiding de novo sulfide synthesis by the ironsulfur cluster (ISC) system, would be less costly to the cell. Cysteine persulfide ligands as an O 2 -induced degradation product of Fe 4 S 4 clusters appear to be generally distributed, being also proposed in biotin synthase and other radical SAM enzymes (7).
Our observation that species 4 slowly decomposes into 5 and then 1, most probably via a nonredox process (Fig. 2 and Fig. S1 ), agrees well with the previous observation that iron depletion itself can mediate the holo to apo transition in cytoplasmic aconitase (19) . Our study also shows that the transition from the Fe 4 S 4 cube to the Fe 2 S 2 rhomb would require a major reorganization of the coordination site in TmHydE. The loop rearrangement resulting from this reorganization implies that an Fe 4 S 4 -to-Fe 2 S 2 cluster conversion will necessarily trigger significant protein structural changes. Equivalent changes may be responsible for O 2 -induced dimer dissociation in FNR (20) . Similarly, the transition between holo and apo cytoplasmic aconitase has been structurally characterized and shown to involve large structural rearrangements (21, 22) . Finally, an early study (9) showed that controlled oxidation of apo-aconitase resulted in the formation of both persulfides and polysulfides, a situation illustrated here by 7 and 8 ( Fig. 2 and Fig. S1 ).
Our results may also shed light on the sequence of events during in vivo ISC-dependent FeS cluster assembly in the complex formed by the L-cysteine desulfurase IscS and the scaffold IscU. The order of arrival of iron and sulfide to the IscU assembly site has not been clearly established. This scaffold protein can bind iron, but only at lower-than-physiological temperatures (23, 24) . Conversely, several groups have reported that S 0 , transferred from the cysteine desulfurase, can form a Cys-S-S species in the scaffold protein, in the absence of iron (25, 26) . However, it has been reported that the persulfided scaffold does not bind iron (24) . The latter observation applies also to the oxidized TmHydE 7 species where Cys311 and persulfided Cys319 form a long S-S bond (Fig. S1) . Addition of sulfide and Fe 2+ to 7 produces 8, a species that contains persulfided and polysulfided cysteines but does not bind iron (Fig. 2  and Fig. S1 ). This observation implies that free Fe 2+ is not able to reduce the S-S bond of the modified Cys319 in 7. This result favors in turn a concerted mechanism for Fe-S cluster assembly by ISC, where two ferrous ions bind simultaneously the first persulfide S 0 from the active Cys residue of IscS at the assembly site of IscU and reduce it to S 2− . We have already suggested such mechanism based on the Archeoglobus fulgidus (IscS-IscU) 2 complex structure (27) .
Conclusion
The various FeS cluster structures found in our TmHydE crystals can be ordered in a coherent sequence that provides a solid base for understanding cluster degradation and assembly (1 through 5 in Fig. 2 and Fig. S1 ). The plasticity of the additional FeS cluster coordination site has proved to be well suited for a systematic characterization of different protein-bound FeS species using X-ray crystallography. Taken together, our results and the RR spectroscopic studies of Zhang et al. (7) provide a convincing structural and functional interpretation of the Fe 4 S 4 -to-Fe 2 S 2 cluster conversion upon O 2 exposure in FeS cluster-containing proteins. The main proposition derived from our work is the existence of FeS cluster direct repair mechanisms involving the reduction of persulfide ligands in an Fe 2 S 2 cluster similar to the 3 to 6 transition we have observed in our crystals. Without the packing constraints in the high-resolution crystal structure, 3 should have readily converted to the Fe 4 S 4 cluster-containing species 2 observed in the high-salt crystal form (Figs. 2 and 3 ) following reaction 4: The requirement of very significant conformational changes in going from 3 to 2 clearly illustrates the extensive structural rearrangement expected in the dimer-monomer transition of FNR. Finally, the resistance of the 7 species to reduction by free Fe 2+ favors the concerted arrival of iron and sulfur to the scaffold protein during ISC-dependent Fe 2 S 2 cluster biogenesis.
Materials and Methods
Protein Purification and Crystallization. HydE was purified either aerobically, as previously described (14) , or the purification was carried out anaerobically following the same protocol. Crystals were obtained as described previously (11) . All of the crystallization experiments were carried out in glove boxes with oxygen concentrations of about 2-5 ppm. Great care was taken to remove oxygen from the various solutions by sparging them with the glove box atmosphere, except when aerated solutions were intentionally used. The sample leading to the Fe 4 S 4 cluster-containing structure at the additional site was obtained using a different protocol. In this case, a streptavidin tag was added at the N terminus of the amino acid sequence between Met1 and Thr2 (new N-terminus sequence: MWSHPQFEKAST-). The Streptag-containing HydE construct was obtained following the QuikChange site-directed mutagenesis kit strategy (Stratagene) using plasmid pTmHydE (Rubach et al., ref.14) , Phusion polymerase, and the following primers: Forward: 5′-CACCCGCAGTTCGAAAAGGCAAGCACCGGTAGAGAAATTCTGG-AAAAA-3′; Reverse: 5′-CTTTTCGAACTGCGGGTGGCTCCACATGGTATATCTC-CTTCTTAAAGTTAAACAAAA-3′. This produced the pStrepTmHydE construct. The correctness of the cloned DNA sequence was confirmed by sequencing the entire gene. Protein expression was carried out following the protocol previously described for the untagged protein (14) . After cell disruption in the glove box, the crude extract was treated directly with 1 mM FeCl 3 , 5 mM DTT, and 1 mM Na 2 S during 60 min, with mild stirring, to reconstitute the FeS clusters. The crude extract was subsequently cleared by ultracentrifugation at 165,000 × g during 30 min at 4°C. The clear supernatant was loaded onto a streptavidin-agarose column buffered with 100 mM Tris pH 8.0; 150 mM NaCl; and 5 mM DTT. After extensive washing of the column, the protein was eluted by adding 2.5 mM desthiobiotin, which was subsequently removed using a GE Healthcare HiPrep 26/10 desalting column equilibrated with 100 mM Tris pH 8.0; 150 mM NaCl. HydE was then concentrated to 16 mg/mL, as determined by the Rose Bengal method (28) , using an Amicon concentrator with a 10-kDa cutoff membrane. This HydE sample contained 8 iron atoms per protein molecule as determined by the method of Fish (29) . Crystallization was performed as previously described (11) , except that the protein sample contained 100 mM Tris pH 8.0 and 150 mM NaCl instead of 50 mM Tris pH 8.0 solution without NaCl. Large hexagonal brownish crystals were produced after 1 d. In the absence of NaCl, we obtained orthorhombic crystals like those previously reported (11) . This shows that salt, and not the presence of the Strep-tag, is responsible for the change in space group. Table S1 summarizes the crystallization and cryoprotecting conditions used for each X-ray structure presented.
Data Collection and X-Ray Structure Refinement. Data were collected at the European Synchrotron Radiation Facility and Swiss Light Source and processed with the XDS package (30) . Model refinements were carried out using REFMAC5 (31) from the Collaborative Computational Project No. 4 package (32) . The set of flagged reflections for R free calculations was the same used previously (11) although the initial set was extended to 1.25 Å resolution for the datasets diffracting that far. All of the data processing and refinement statistics are presented in Table S2 . Manual model building was performed using COOT (33) . Identification of Fe versus S atoms was based on the observed anomalous scattering electron density peaks for the corresponding atoms.
